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Lung toxicity mediated by multiwalled carbon nanotubes (MWCNT) has been widely 
demonstrated and recently associated with induction of carcinogenic asbestos-like effects, but 
the chemical features which drive this toxic effect have still not been well elucidated. The 
presence of metals as trace contaminants during MWCNT preparation, in particular iron (Fe) 
impurities, plays an important role in determining a different cellular response to MWCNT. 
Our goal was to clarify the mechanisms underlying MWCNT toxicity in correlation to the 
presence of Fe impurities by exposing murine alveolar macrophages to two different 
MWCNT samples, which differ only for the presence or absence of Fe. Data show that only 
Fe-rich MWCNT were significantly cytotoxic, genotoxic and induced a potent cellular 
oxidative stress, while Fe-free MWCNT did not exert any of these toxic effects. These results 
confirm that Fe content represents a very important key constituent in promoting MWCNT 
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Multiwalled carbon nanotubes (MWCNT) have many industrial applications (Endo et al., 
2008). This has promoted studies to investigate the potential toxic effects upon occupational 
or environmental exposure. MWCNT exposure has been strongly associated to lung toxicity 
and its effects have been compared to asbestos-induced carcinogenesis (Jaurand et al., 2009; 
Pacurari et al., 2010; Guo et al., 2012). MWCNT are cytotoxic and induced oxidative stress 
(Shvedova et al., 2012), in particular in human lung epithelial (A549) cells (Choi et al., 2009; 
Herzog et al., 2009), normal human primary bronchial epithelial (NHBE) cells (Herzog et al., 
2009), human lung fibroblasts (Wang et al., 2010), and human bronchial epithelial (BEAS-
2B) cells (Hirano et al., 2010). Moreover MWCNT were also shown to exert genotoxic 
effects in cultured Chinese hamster lung cells (Asakura et al., 2010) and A549 cells (Kato et 
al., 2012). A MWCNT-induced pulmonary toxicity was also observed in in vivo studies: in 
mice MWCNT exposure was associated with relevant oxidative lung damage, both after 
intratracheal instillation (Aiso et al., 2010; Reddy et al., 2010 a or b) or pleural penetration 
(Mercer et al., 2010), and in ICR mice Kato et al. (2012) a significant genotoxic effect exerted 
by MWCNT after intratracheal instillation was noted. 
MWCNT-related adverse effects were also observed in tissues different from the lung. Hu et 
al. (2010) showed cytotoxic effects in keratinocytes and T helper lymphocytes, Migliore et al. 
(2010) reported an oxidative stress in the murine macrophage cell line RAW 264.7, Patlolla et 
al. (2010) reported cytotoxic, genotoxic and pro-apoptotic effects exerted in human dermal 
fibroblasts. Finally Reddy et al. (2010 a or b) provided evidence of increased cytotoxic and 
oxidative stress in HEK293 human embryonic kidney cells. More recently, Han et al. 
(2012) confirmed this MWCNT-induced toxicity in C6 rat glioma cells, and Kato et al. 
(2012) in Chinese hamster ovary AA8 cells, with particular reference to DNA damage. 
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These adverse effects have been related to the MWCNT physico-chemical features 
(Oberdörster, 2010) but little is known regarding the role as possible mediators of oxidative 
stress. MWCNT are produced with different physico-chemical properties, depending upon the 
method of synthesis and post-synthetic modifications, that alter their characteristics and 
toxicity in a variable way (Fenoglio et al., 2008; Muller et al., 2008; Liu et al., 2012). 
Metallic contaminants were demonstrated to play a role in MWCNT-mediated toxicity (Bello 
et al., 2009) and metal trace impurities increased the levels of reactive oxygen species (ROS) 
in rat NR8383 macrophages and human A549 lung cells (Pulskamp et al., 2007). In particular, 
the iron (Fe) state and content needs to be considered as a determinant in driving the adverse 
effects exerted by MWCNT. This topic has been widely developed with asbestos fibers, 
whose related induced oxidative stress and cytotoxicity have been clearly associated (Aust et 
al., 2011) to Fe activity. It is well known how asbestos fibers generate free radicals via 
different mechanisms including a Fenton reaction catalyzed by Fe ions exposed to their 
surface (Kamp, 2009). Our research group showed a correlation between the coordination and 
oxidation state of Fe in asbestos and its toxicity in in vitro cellular systems (Aldieri et al., 
2001; Gazzano et al., 2007; Turci et al., 2010). It is thus conceivable to postulate a role for Fe 
also in MWCNT-induced toxic effects.  
Some studies have been performed on single wall carbon nanotubes (SWCNTs) with varying 
Fe content. In RAW 264.7 macrophages the presence of Fe in SWCNTs was crucial in 
eliciting significant loss of reduced glutathione and accumulation of lipid hydroperoxides 
(Kagan et al., 2006; Wang et al., 2010). On the other hand, Haniu et al. (2010) showed with a 
proteomic approach that in human monoblastic leukemia (U937) cells the cytotoxic effect of 
MWCNT depended on their impurities, since the adverse effects attributed to MWCNT were 
lost after thermal treatment (producing Fe depletion) of the particles. The intratracheal 
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instillation of Fe-depleted MWCNT induced less severe acute inflammation compared to 
pristine MWCNT in murine lungs (Kim et al., 2010). 
To better elucidate the mechanism of MWCNT-mediated toxicity, straights were undertaken 
to investigate in alveolar macrophages the effects of MWCNT only differing in the state and 
abundance of Fe. 
 
MATERIALS and  METHODS. 
Preparation of Fe-rich and Fe-free MWCNT.  
MWCNT were produced from commercial pristine MWCNT purchased from Mitsui 
Chemicals (Kawasaki-Shi, Japan) by catalytic chemical vapor deposition (CVD) production 
method (via the floating reactant/catalyst technique of organic precursors and ferrocene).  
Pristine MWCNT were heated up to 2400 °C in air flow for 15 min and then ground in an 
oscillatory agate ball mill (Pulverisette 0, Fritsch) with a vertical vibration of 1 mm applied 
during 6 h. To remove metals, one aliquot of ground MWCNT was suspended in 1 M HCl 
and the suspension stirred at 25°C for 10 days. The MWCNT were recovered by 
centrifugation 13000 g, washed with distilled water and dried.  
 
Surface area. The surface area of MWCNT was measured by means of the Brunauer–
Emmett–Teller (BET) method based on N2 adsorption at -196°C by using an automatic 
instrument (ASAP 2010, Micromeritics, Norcross, GA) on a representative amount of 
powder.  The powder has been degassed at 150°C prior the measurement.  
 
Morphology. The dimension of MWCNT was evaluated directly by means of transmission 
electron microscopy (TEM). The statistical evaluation of diameters and lengths of the 
MWCNT fragments was obtained by considering a population of 213 data each, from low 
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resolution TEM images (4000-25000x). The structure and the morphology of the MWCNT 
before and after the removal of Fe were also evaluated by HRTEM analysis. TEM images 
were collected by a JEOL 3010-UHR TEM instrument operating at 300 kV. 
 
Purity. The purity of the pristine MWCNT was investigated by thermogravimetric analyses 
air flow (ramp, 10°C/min) by a TA instrument Q600 SDT Simultaneous DSC-TGA heat flow 
analyser. 
 
Elemental analysis. The elemental composition  was quantified after complete calcination at 
800°C of 10 mg of  MWCNT and re-suspension of the residue in 5 mL of 37% HCl in MilliQ 
water.  The concentration of contaminants was quantified in the solution after dilution in 
MilliQ water by atomic emission-inductively coupled plasma (AE-ICP) spectrometry (IRIS II 
Advantage/1000, Thermo Jarrel Ash, Franklin, MA). 
 
Evaluation of potentially bioavailable iron. This test was performed to evaluate the amount 
of Fe ions exposed at the surface of the MWCNT according to a procedure described 
previously (Martra et al., 2003; Liu et al., 2008). For this purpose, a strong Fe2+ ions chelator 
(ferrozine) and a reducing agent (ascorbic acid) were used to extract Fe ions. Twenty-five mg 
of the powders were incubated in 10 ml of a 3 mM solution of ascorbic acid and ferrozine. 
After 10 days an aliquot of the supernatant was withdrawn after centrifugation 13000 g and 
the concentration of Fe evaluated by measuring the absorbance at 562 nm (typical of the 





Raman Spectroscopy. Micro-Raman spectra were acquired using an integrated micro/macro 
Raman system which includes a Horiba Jobin Yvon HR800 microspectrometer, an Olympus 
BX41 microscope and a CCD air-cooled detector. A polarized solid state Nd 80 mW laser 
operating at 532.11 nm was used as the excitation source. Calibration of the instruments was 
performed by measuring the Stokes and anti-Stokes bands and checking the position of the Si 
band at ± 520.7 cm-1. Each spectrum was acquired using a 100X objective, resulting in a laser 
beam size at the sample in the order of 2 mm. To optimize the signal to noise ratio, spectra 
were acquired using 10 scans of 10 sec for each spectral region. In order to produce strong 
signals without inducing surface alteration due to the heat, a filter with optical density d = 0.6 
was used. The software LabSpec 5 (Horiba Jobin Yvon) was used to analyze the spectra. The 
ID/IG value is the ratio of the intensities of two bands designated as D (1340 cm-1) and G 
(1570 cm-1) which correspond respectively to structural defects and to the tangential in-plane 
stretching vibration of the carbon-carbon bonds within the graphene sheets. 
 
Free radical generation. The ability of a particle to generate radical species was monitored 
by electron spin resonance (ESR) spectroscopy (Miniscope 100 ESR spectrometer, 
Magnettech, Berlin, Germany) using the spin trapping technique with 5,5-dimethyl-1-
pyrroline-N-oxide (DMPO ) as trapping agent according to a procedure described by Fenoglio 
et al. (2006). A typical reaction is the generation of HO• radicals from hydrogen peroxide 
through a Fenton-like reaction (Fubini and Hubbard, 2003). DMPO was purchased from 
Alexis (Lausen, Switzerland), the other reagents from Sigma-Aldrich (St. Louis, MO). A 
suspension of 5 mg of MWCNT in 50 µl of 5% sodium dodecyl-sulphate (SDS) was diluted 
in 125 µl of a buffered solution (0.2 M potassium phosphate buffer, pH 7.4) containing 68 
mM DMPO and 45 mM hydrogen peroxide. The ESR spectra were recorded directly on an 
aliquot of the suspension within one hr. 
8 
 
The experiments were also repeated on the supernatant, after removal of  nanotubes: 15 mg of 
Fe-rich MWCNT were suspended in 375 µl of 0.2 M potassium phosphate buffer, pH 7.4. The 
suspension was stirred for 60 min and then MWCNT were removed by centrifugation 13000 
g. To 125 µl of the solution 375 µl of a buffered solution (0.2 M potassium phosphate buffer, 
pH 7.4) containing 75 mM DMPO and 50 mM hydrogen peroxide were then added. The ESR 
spectra were recorded within one hr. All experiments were repeated at least twice. 
 
Scavenging activity toward hydroxyl radicals. The activity was monitored by ESR 
according to the procedure previously employed for MWCNT (Fenoglio et al., 2006-2008). 
Hydroxyl (HO•) radicals were generated by irradiating directly in the ESR spectrophotometer 
cavity (Thermo Oriel UV-lamp, Stratford, CT) a buffered solution (0.05 M potassium 
phosphate buffer, pH 7.4) containing 27 mM  DMPO and 9 mM hydrogen peroxide. The 
concentration of HO• radicals was followed by measuring the intensity of the ESR spectrum 
of the DMPO/HO• adduct (g = 2.006; aN =14.4 G aH =14.3 G). The reaction was repeated in 
the presence of a suspension of 5 mg of MWCNT in 50 µl of 5% SDS. All the experiments 
were repeated at least twice. 
 
Dispersion of MWCNT in the culture media. The MWCNT samples were suspended in the 
culture media described below at the concentration of 260 mg/ml. The suspensions were 
sonicated for 2 min twice (100 W, 20 kHz, Sonoplus, Bandelin, Berlin, Germany). 
Average hydrodynamic size of MWCNT in the culture media was evaluated by means of 
dynamic light scattering (DLS) (Zetasizer Nano-ZS, Malvern Instruments, Worcestershire, 
UK). The measurement was repeated after 15 min to evaluate the stability of the suspension. 
Since in the DLS technique particles larger than 6 µm are not detected, optical microscopy 




Cells and reagents. Murine alveolar macrophages (MH-S) were provided by Istituto 
Zooprofilattico Sperimentale “Bruno Ubertini” (Brescia, Italy). Cells were cultured in 35 (1.2 
x 106 cells) or 100 mm-diameter Petri dishes (7.5 x 106 cells) in RPMI-1640 + 10% fetal 
bovine serum (FBS) up to confluence, and then incubated for 24 hr in the absence or presence 
of Fe-rich or Fe-free MWCNT (25-100 µg/cm2) before the assays, or with 25 µg/cm2 UICC 
(Union International Contre le Cancer) crocidolite asbestos fibers, used as a positive control 
of toxicity. MWCNT and crocidolite fibers were sonicated (100 W: 2 min MWCNT, 30 sec 
crocidolite) (Labsonic Sonicator; Sartorius Stedim Biotech S.A., Aubagne, France) before 
incubation with cell cultures to allow better suspension in the culture medium. 
The protein content of the monolayers and cell lysates was assessed with the BCA kit from 
Pierce (Rockford, IL). Plasticware was from Falcon (Becton Dickinson, Franklin Lakes, NJ). 
Unless otherwise specified, other reagents were purchased from Sigma-Aldrich. 
 
Measurement of leakage of lactate dehydrogenase (LDH) activity. The cytotoxic effect of 
MWCNT was measured as leakage of LDH activity into the extracellular medium (Riganti et 
al., 2002). After each incubation, the extracellular medium was collected and centrifuged at 
13000 x g for 30 min. The cells (cultured in 35 mm-diameter Petri dishes, 1.2 x 106 cells) 
were washed with fresh medium, detached with trypsin/EDTA (0.05/0.02% v/v), washed with 
PBS, resuspended in 1 ml of TRAP (82.3 mM triethanolamine, pH 7.6), and sonicated on ice 
with two 10 sec bursts. Aliquots of cell lysate (5 µl, 2.5 µg protein) and of extracellular 
medium (50 µl/2 ml medium) were diluted with TRAP and supplemented with 0.5 mM 
sodium pyruvate and 0.25 mM NADH (final volume of the mix, 300 µl) to start the reaction. 
The reaction was followed for 10 min, measuring the absorbance at 340 nm (37°C) with a 
Packard EL340 microplate reader (Bio-Tek Instruments, Winooski, VT). Each reaction 
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kinetics was linear throughout the time of measurement. Both intracellular and extracellular 
enzyme activities were expressed as µmol of NADH oxidized/min/dish, and then extracellular 
LDH activity (LDH out) was calculated as a % total (intracellular + extracellular) LDH 
activity (LDH tot) in the dish. 
 
Measurement of lipid peroxidation. TBARS (thiobarbituric acid-reactive substances) assay, 
used to detect the lipid peroxidation products, was performed according to Yano (1988). After 
24 hr incubation in the absence or presence of different MWCNT concentrations, cells 
(cultured in 60 mm-diameter Petri dishes, 2.5 x 106 cells) were washed with fresh medium, 
detached with trypsin/EDTA (0.05/0.02%, v/v), and resuspended in 1 ml PBS. A 500 μl 
aliquot of cell suspension, each containing the same amount of cell proteins (0.1 mg), was 
added to 5 μl of Triton X-100 and 500 μl of TBA solution (0.375% thiobarbituric acid and 
30% trichloroacetic acid in 0.5 N HCl). Samples were boiled for 20 min at 100°C, rapidly 
cooled by immersion in an ice bath, and centrifuged for 30 sec at 13000 g. The absorbance of 
300 μl of the reaction mixture at 532 nm was read with a Packard EL340 microplate reader. 
TBARS values were expressed as pmol/mg cellular protein. 
 
Measurement of intracellular glutathione. Intracellular reduced glutathione (GSH) was 
measured as previously described (Vandeputte et al., 1994). The cells (cultured in 35 mm-
diameter Petri dishes, 1.2 x 106 cells) were washed with PBS, and 600 µl 0.01 N HCl was 
added to each cell monolayer. After scraping, the cells were frozen/thawed twice and proteins 
precipitated by adding 120 µl of 6.5% 5-sulfosalicylic acid to 480 µl lysate. Each sample was 
placed in ice for 1 hr and centrifuged for 15 min at 13000 g (4°C). The total GSH was 
measured in 20 µl of the cell lysate (15 µg protein) with the following reaction mix: 20 µl 
stock buffer (143 mM NaH2PO4, 63 mM EDTA, pH 7.4), 200 µl daily reagent (10 mM 5,5′-
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dithiobis-2-nitrobenzoic acid (DTNB), 2 mM NADPH in stock buffer), 40 µl glutathione 
reductase (8.5 U/mL). The kinetics of reaction was followed at 415 nm for 10 min (to check 
that it was linear) using a Packard microplate reader EL340. Each measurement was made in 
triplicate, results expressed as nmol of GSH/mg cellular protein.  
 
Western blotting. Cells (from 100 mm-diameter Petri dishes, 7.5 x 106 cells) were directly 
solubilized in a lysis buffer (25 mM HEPES, 135 mM NaCl, 1% NP40, 5 mM EDTA, 1 mM 
EGTA, 1 mM ZnCl2, 50 mM NaF, 10% glycerol), supplemented with a protease inhibitor 
cocktail set III (100 mM AEBSF, 80 µM aprotinin, 5 mM bestatin, 1.5 mM E-64, 2 mM 
leupeptin, and 1 mM pepstatin; Calbiochem-Novabiochem Corporation, San Diego, CA), 2 
mM phenylmethylsulfonyl fluoride and 1 mM sodium orthovanadate. Heme oxygenase 1 
(HO-1) protein (32 kDa) and GAPDH protein (37 kDa) were separated by SDS-PAGE (12%) 
(10 µg protein), transferred to a polyvinylidene difluoride (PVDF) membrane sheet and 
probed with the rabbit anti-HO-1 antibody (D.B.A. Italia s.r.l., Milan, Italy), diluted 1:1000 in 
PBS-BSA 1%, and/or anti-GAPDH (Santa Cruz Biotechnology, Santa Cruz, CA), diluted 
1:500 in PBS-BSA 1%. After overnight incubation, the membrane was washed with PBS-
Tween 0.1% and subjected for 1 hr to a peroxidase-conjugated anti-rabbit IgG (sheep, 
Amersham International, Bucks, UK) (diluted 1:1000 in PBS-Tween with Blocker Non-Fat 
Dry Milk 5%, Biorad). The membrane was washed again with PBS-Tween 0.1% and proteins 
were detected by enhanced chemiluminescence (PerkinElmer, Shelton, CT). 
 
Alkaline comet assay. Single-cell gel electrophoresis (comet assay) was performed under 
alkaline conditions according to the method of Singh et al. (1988) with slight modifications. 
All steps were performed under dim yellow light to prevent additional DNA damage. 7.5 µl 
cell suspension (5 x 104 cells) was mixed with 75 µl low melting point agarose (0.8%) and 
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placed on the clear part of a frosted microscope slide precoated with a layer of normal melt 
point agarose (1%) and low melting point agarose. Then, slides were immersed in lysis buffer 
for 1 hr (4°C, 2.5 M NaCl, 0.1 M Na2EDTA, 10 mM Tris, 0.5% N-laurylsarcosine, 
supplemented with 1% Triton X-100 just before use). To perform the DNA unwinding, slides 
were placed in a horizontal electrophoresis unit containing the electrophoresis buffer (300 
mM NaOH, 1 mM Na2EDTA, pH >13) for 40 min. Alkaline electrophoresis was performed in 
the same buffer for 20 min (25 V, 300 mA). Slides were washed thrice with neutralization 
buffer (0.4 M Tris, pH 7.5) and then they were dehydrated in 70% ethanol (5 min) and left to 
dry, allowing the storage until analysis. To analyze DNA damage, slides were stained with 
DAPI (10 µg/ml, 5 min). Fifty randomly chosen, non-overlapping comets per comet slide 
were observed using a Leica fluorescence microscope (20X objective) and an image analysis 
system (CometScore, TriTek Corp. Sumerduck, VA). 
 
Uptake of MWCNT. To assess the actual internalization of the MWCNT into the cells, 
Trasmission Electron Microscopy (TEM) was used. Cells were plated in 100 mm Petri dishes 
(7.5 x 106 cells) and cultured, then incubated for 24 hr in the absence or presence of 50 
µg/cm2 of Fe-rich MWCNT, 50 µg/cm2 of Fe-free MWCNT and 25 µg/cm2 of crocidolite 
asbestos. After this incubation, cells were washed with PBS, detached, and fixed with 2.5% 
0.1 M glutaraldehyde in cacodylate buffer pH 7.4 for 15 min, postfixed with 1% osmium 
tetroxide for 3 hr, dehydrated in graded ethanol, treated with propylene oxide, and embedded 
in epoxy-resin. Ultrathin sections were collected on Formvar-coated grids, stained with uranyl 





Statistical Analysis. All data in text and figures are provided as means ± SEM. The results 




Preparation of iron-rich and iron-free MWCNT.  
The MWCNT consisting in straight tubes of 5-10 µm with a mean diameter of 65-70nm 
(Table 1) were selected for the low amount of the amorphous carbon and for their high-
crystallinity high-purity together with the absence of catalytic supports (Cravotto et al., 2011). 
These properties come from the CNT production method (CVD) and from the subsequent 
thermal annealing. As the CNT tend to form large aggregate in culture media, pristine 
MWCNT were ground in an agate ball mill.  In Figure 1a  the TEM images of ground 
MWCNT are shown. This treatment reduced the length of nanotubes to less than 4 µm (Table 
1). Pristine MWCNT contain 0.5% Fe and 0.03% Al as impurities derived from the catalyst 
that were used during the synthesis. By using a specific chelator for Fe(II) associated to a 
reducing agent iron was found in large part exposed to the solvent and therefore potentially 
active toward cells (Table 1). Several protocols were proposed to remove metal contaminants 
from MWCNT (Cho et al., 2009), that include chemical treatments with oxidizing acids 
(HNO3, H2SO4) or thermal treatments at high temperature in inert atmosphere (Bougrine et 
al., 2001; Fenoglio et al., 2008). However these treatments also affect the total amount of 
defects of CNT. Since defects were found to modulate the toxicity of CNT (Muller et al., 
2008, Fenoglio et al., 2008), the use of these protocols would not allow to investigate  the role 
of Fe impurities.  Therefore a mild treatment consisting in the incubation of MWCNT in an 
aqueous solution of diluted HCl  at room temperature (Cao et al., 2008) was used. This 
treatment removes Fe leaving unaltered the degree of defects and functionalities present in the 
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ground samples (Cao et al., 2008). As expected, in our sample the Fe impurities were almost 
completely removed following this treatment (Table 1) without altering the microscopic 
structure of the nanotubes, as evidenced by TEM (Figure1a-b) and Raman spectroscopy 
(Table 1). 
 
Dispersion of MWCNT in cellular media. 
Being highly hydrophobic, MWCNT are not well dispersed in aqueous media.  However, the 
presence of proteins were reported to stabilize the suspension of CNT (Sager et al., 2007; 
Elgrabli et al., 2007). For this reason MWCNT were dispersed by mild sonication directly in 
the cellular media containing fetal calf serum. The degree of dispersion and the stability of the 
suspensions were evaluated by means of DLS (Figure 2a). A single peak, corresponding to 
particles having an equivalent hydrodynamic diameter of 353 nm was detected. The 
Polydispersion index (PDI) was of 0.35 indicating a wide agglomerate size distribution.  
Since DLS technique has an upper limit of 6 µm, the presence of larger aggregates was 
evaluated by optical microscopy (Figure 2b). MWCNT appeared uniformly distributed in the 
suspension with some aggregates having a diameter of 1-5 µm. The stability of the suspension 
was followed for a time period of 15 minutes, which is largely sufficient for a correct dosage. 
No changes were detectable both in form and position of the peak.  
 
Generation and/or scavenging of free radicals and ROS. 
When tested for their potential to generate free radicals and ROS in aqueous suspension in the 
presence of hydrogen peroxide, all samples, as already reported for other MWCNT (Fenoglio 
et al., 2006, 2008), failed to generate any form of radical detectable by means of the ESR/spin 
trapping technique (Figure 3a-b). However, when the tests were repeated on the supernatant 
obtained by incubating Fe-rich MWCNT in phosphate buffer and then removing MWCNT by 
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centrifugation, a clear signal corresponding to HO• radicals was observed suggesting that, 
under these conditions, MWCNT partially released Fe ions are able to  catalyze  the 
generation free radicals. The lack of this signal in the presence of MWCNT may thus  be 
attributed to a  scavenging activity of MWCNT toward these radical species. To further 
confirm this hypothesis  HO• radicals were generated via a Fenton reaction in the presence of  
MWCNT following a previously adopted procedure (Fenoglio et al., 2006, 2008). As 
expected in the presence of both MWCNT samples the ESR signal corresponding to HO• 
radicals completely disappeared. 
 
4. Iron-rich MWCNT-induced cytotoxicity. 
After incubation with Fe-rich MWCNT, MH-S cells showed a significantly increased release 
of LDH, used as sensitive index of cytotoxicity, in a concentration-dependent manner (Figure 
4a). This toxic effect exerted by Fe-rich MWCNT exposure was hardly detectable when MH-
S cells were incubated with equal amounts of Fe-free MWCNT (Figure 4a). From the results 
obtained, in the subsequent experiments with MH-S the 50 µg/cm2 concentration was used, as 
representative of an acute toxic damage. The incubation of MH-S cells with crocidolite 
asbestos, used as a positive control of cytotoxicity, as expected induced a significant leakage 
of LDH in MH-S cells (Figure 4a). 
 
Iron-rich MWCNT evoked indices of oxidative stress. 
After incubation with Fe-rich MWCNT, MH-S cells showed a significantly augmented 
accumulation of TBARS, used as index of oxidative stress induction (Figure 4b), which was 
absent in MH-S cells incubated with Fe-free MWCNT (Figure 4b). The incubation with 
crocidolite asbestos induced an oxidative stress under our experimental conditions in MH-S 
cell line (Fig 4b). 
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The level of GSH, the most important intracellular antioxidant molecule, is a sensitive index 
of the efficiency of cellular antioxidant defences. After incubation with Fe-rich MWCNT, 
MH-S cells showed a significantly decreased intracellular GSH levels (Figure 4c) which was 
not observed when the cells were incubated with Fe-free MWCNT (Fig 4c). Exposure to 
crocidolite produced an intracellular GSH depletion in MH-S cell line (Figure 4c). 
 The expression of HO-1, an enzyme involved in heme catabolism, whose level increases after 
an oxidative stress was also investigated in MH-S cells (Sandau et al., 1998). After incubation 
of MH-S cells with Fe-rich MWCNT, HO-1 showed a significantly elevated expression 
(Figure 5a-b), similarly to cells exposed to crocidolite asbestos, but this induction was not 
observed in MH-S cells incubated with Fe-free MWCNT (Figure 5a-b). The expression of 
GAPDH was used as a control of equal protein loading and showed no difference (Figure 5a-
b). 
 
Genotoxicity induction.  
To verify if the toxicity exerted by Fe-rich MWCNT may be related to a genotoxic effect, 
following the incubation in the above mentioned conditions the MH-S cells were subjected to 
single-cell gel electrophoresis (comet assay) (Table 2). Three indices of DNA damage were 
recorded: tail length (measured from the middle of the comet to the end of the tail), tail DNA 
(% DNA in the tail) and tail moment (= tail length x tail DNA). All these indicators were 
significantly higher in MH-S cells incubated with Fe-rich MWCNT or crocidolite in 
comparison with control cells or MH-S cells incubated with Fe-free MWCNT (Table 2). 
 
Internalization of MWCNT.  
To evaluate if the different adverse effects exerted by Fe-free and Fe-rich MWCNT were a 
consequence of a different uptake of CNT by macrophages, TEM analysis was performed on 
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MH-S cells incubated in the absence or presence of Fe-rich MWCNT, Fe-free MWCNT or 
crocidolite fibers (Figure 6). Cells showed a similar internalization of both Fe-free and Fe-rich 
MWCNT (Figure 6b-c), as well as crocidolite fibers (Figure 6d). Agglomerates of different 
size were observed inside the cells for both MWCNT samples, while no single MWCNT were 
observed. Agglomerates were mainly localized in the cytoplasm. MWCNT were not observed 
in the nucleus or in other organelles.  
 
DISCUSSION. 
Although numerous studies examined the possible adverse effects of MWCNT, many 
questions are still open, particularly those related to understanding the role of physico-
chemical properties. Pristine MWCNT may be contaminated by catalyst remnants (usually Fe, 
Al, Co, Ni, or Mo), which appear as metal residues at the surface of the MWCNT (Bello et 
al., 2009). Among these metallic impurities, few investigators correlated the presence of Fe in 
CNT to their toxic and/or pro-inflammatory effects (Kagan et al., 2006; Haniu et al., 2010; 
Kim et al., 2010). CNT synthesis remains costly and difficult, due to the high temperatures 
and pressures required, and there does not exist consensus on preparation of CNT (grinding, 
impurity removal, etc.). However, the CVD procedure used in this work has proved to be the 
most suitable synthesis process for the production of CNT with controlled characteristics, 
such as diameter, length and number of walls (Kumar and Ando, 2010), although challenges 
of the process are currently addressed with future directions. 
In the present study, two different types of MWCNT differing only with respect to content in 
Fe and similar in diameter, length and defectivity were prepared and tested for their toxicity 
toward MH-S cells.  
Fe-rich MWCNT exerted a significant cytotoxic effect, measured as LDH release, in mouse 
MH-S alveolar macrophages, in a concentration-dependent manner, while no marked 
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cytotoxic effect was observed after exposure to Fe-free MWCNT. Actually, concentrations 
tested were relatively higher than those used in animal models. On the other hand, the toxicity 
of Fe-containing MWCNT has been widely shown. Instead, our aim was to investigate 
whether Fe-free MWCNT are toxic or not: for this reason, we tested high doses of Fe-free 
MWCNT in order to rule out their in vitro toxicity. 
Since LDH leakage is strictly related to a cellular membrane damage, which may result from 
an oxidative stress, both MWCNT samples were examined for their ability to produce 
lipoperoxidation, GSH consumption and HO-1 induction in MH-S cells. Again, only Fe-rich 
MWCNT, and not Fe-free samples, induced significant signs of oxidative stress. 
These results suggest a key role played by Fe impurities in the MWCNT-induced cellular 
oxidation. Experiments performed in a cell-free system showed that both Fe-rich and Fe-free 
MWCNT samples failed to generate any detectable free radical, but both capable to scavenge 
hydroxyl radicals, confirming previous studies (Fenoglio et al., 2006, 2008; Crouzier et al., 
2010). The Fe impurities contained in the Fe-rich sample were shown to be highly 
bioavailable and potentially reactive. Therefore they may potentially dissolve in the 
intracellular milieu and induce oxidative stress. Since MWCNT were shown to be scavengers 
of hydroxyl radicals, one may argue that they mitigate the Fe-induced oxidative stress in the 
cells, which otherwise would appear more potent. 
The effects of MWCNT in MH-S cells also affected DNA, since only Fe-rich MWCNT 
exerted a genotoxic effect, by inducing a strong DNA fragmentation which was absent after 
incubation of MH-S cells with Fe-free MWCNT. 
The observed toxic effect exerted by Fe-rich MWCNT is hardly due to a different uptake of 
CNT since MH-S cells internalized in the same way Fe-free and Fe-rich MWCNT. This result 
provides further evidence to our hypothesis that the different Fe % in MWCNT is the main 
constituent responsible for the adverse effects observed. 
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Data suggest that Fe plays an important role in the toxicity of MWCNT.  This is  only 
apparently related  to that observed for asbestos fibers (Aust et al., 2011; Turci et al., 2010). 
In fact a strict correlation between the presence of Fe at the surface of different types of 
asbestos fibers in a well-defined redox and coordination state (crocidolite, chrysotile) and 
related toxicity was previously demonstrated (Aldieri et al., 2001; Gazzano et al., 2007).  
However, while in asbestos fibers iron is contained inside the crystal framework, in the case 
of CNT metallic contaminants are mainly in the form of metallic or metal oxide clusters or 
nanoparticles. Furthermore, while iron is always exposed at the surface of asbestos, in CNT 
the metals may be both exposed to the solvent contact, as in the present case, or embedded 
inside the tube (Fubini et al., 2011). Only in the first case they may be released thus 
contributing to the observed toxic effects. The present data are consistent with those obtained 
by Kagan et al. (2006) with SWCNT, and also with the results from Haniu et al. (2010) and 
Kim et al. (2010), showing a correlation between Fe content and MWCNT pro-inflammatory 
effects. 
Since the Fe content in MWCNT represents a key point in promoting cytotoxicity, oxidative 
stress and DNA damage, it should be important to remove Fe impurities from MWCNT 
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Fig. 1 TEM images of: a) MWCNT  and b) iron-free MWCNT. Both kinds of carbon nanotubes 
have a high crystallinity, however the local presence of fractures and defects may be observed. In 
the insets, low resolution TEM images are reported. The nanotubes appear straight and hundred 
nanometres long. 
 
Fig. 2 Dispersion of MWCNT (260 mg/ml) in RPMI +10% FCS: a) equivalent hydrodynamic 
diameter of single MWCNT or agglomerates evaluated by means of DLS. The lines correspond to 
five measurements conducted during 15 minutes. b) Optical micrograph of the suspension. 
 
Fig. 3 Oxidative potential and scavenging activity of MWCNT. Panel a) ESR spectra registered on 
the suspension of Fe-rich or Fe-free MWCNT in a buffered solution (phosphate buffer 0.2 M, pH 
7.4) of 48 mM DMPO and 32 mM H2O2 compared to the ESR spectra registered on the supernatant 
(Fe-rich MWCNT sup) obtained after incubation of Fe-rich MWCNT in phosphate buffer for 1 hour 
and removal of MWCNT by centrifugation. The ESR signal observed on the supernatant (spectrum 
a, aN =14.4 G aH =14.3 G) corresponds to the radical HO•. Panel b) Effect of MWCNT on the 
amount of HO• radicals generated through photolysis of H2O2. The ESR signal observed in the 
absence of MWCNT (no MWCNT) corresponds to the radical HO•. No signal has been observed in 
the presence of Fe-rich or Fe-free MWCNT, suggesting a scavenging activity of these particles. 
 
Fig. 4 Effect of Fe-rich MWCNT and Fe-free MWCNT on LDH leakage (panel a), TBARS 
(thiobarbituric acid-reactive substances) production (panel b) and GSH intracellular level (panel c) 
in MH-S cells: MH-S cells were incubated for 24 h in the absence (CTRL) or presence of 25, 50 or 
100 µg/cm2 of Fe-rich MWCNT (MWCNT) or Fe-free MWCNT [MWCNT (– Fe)] or crocidolite 
fibers (CRO, 25 µg/cm2), used as positive control. Cells were then washed, detached and checked 
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for LDH activity (a), TBARS determination (b) and GSH intracellular level (c). Data are presented 
as means ± SEM (n = 6). Vs CTRL: * p < 0.005; ** p < 0.001. Vs MWCNT: • p < 0.05. 
 
Fig. 5 Effect of Fe-rich MWCNT and Fe-free MWCNT on HO-1 protein expression in MH-S cells: 
a) Cells were incubated for 24 h in the absence (CTRL) or presence of 50 µg/cm2 of Fe-rich 
MWCNT (MWCNT) or Fe-free MWCNT [MWCNT (– Fe)] or crocidolite fibers (CRO, 25 
µg/cm2), used as positive control. After a 24 h incubation, the cellular extracts were analysed by 
Western blotting with an anti-HO-1 and anti-GAPDH (used as a control of equal protein loading) 
antibody, as indicated under Materials and Methods. Each figure is representative of three 
experiments with similar results. b) Relative band intensities, calculated from all results described 
in the upper panel, were obtained using ImageJ software (http://rsb.info.nih.gov/ij/) and expressed 
as arbitrary units (mean ± SEM, n = 3). Vs CTRL : *p < 0.001; versus MWCNT: • p < 0.01.  
 
Fig. 6 MWCNT internalization: representative TEM micrographs of MH-S cells incubated for 24 h 
in the absence (a) or presence of 50 μg/cm2 of Fe-rich MWCNT (b), 50 μg/cm2 of Fe-free MWCNT 
(c) or 25 μg/cm2 of crocidolite asbestos (d). The white area surrounding the MWCNTs aggregates 
is due to the rupture of the resin used to embed the cells during the preparation of thin sections. 
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